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Abstract :
In the Oil and Gas industry, many situations are representative of particulate flows : cutting removal in drilling
operations, sand management in production, dispersed hydrates transportation in pipeline, ... Such flows are
particularly intricate in relation to the very different scales involved: from the particle to the flow domain. To
enhance the comprehension of this class of multiphase flows ranging from moderately to highly concentrated
suspensions, we developed GRIFF (GRains In Fluid Flow), a coupled solver based on a Distinct Element Method
(DEM) for the granular part, which enables us to account for actual contacts between particles and consider
particles of (polyhedral) arbitrary shape, and a Finite Element Method for the fluid part. The coupling is achieved
by a Distributed Lagrange Multipliers/Fictitious Domain method (DLM/FD) and an operator-splitting algorithm.
We illustrate the capabilities of the numerical tool on the 2D sedimentation of particles of polygonal or circular
shape in a Newtonian fluid.
Résumé :
L’hydrodynamique des interactions solides/solides et fluide/solides dans les écoulements de fluide chargés en par-
ticules à moyenne et grande concentration est toujours peu comprise en raison de la présence d’échelles caracté-
ristiques variées : de la particule au domaine d’écoulement. Dans l’industrie pétrolière, de nombreuses situations
sont représentatives d’écoulement particulaire : venue de sable en production, remontée des déblais en forage,
transport des hydrates sous forme dispersée, ... Afin d’améliorer la compréhension des phénomènes complexes
apparaissant dans les écoulements de suspension concentrée, nous avons développé le solveur couplé GRIFF
(GRains In Fluid Flow) basé sur une Méthode Éléments Distincts pour la partie granulaire permettant de consi-
dérer des particules de forme quelconque (au moins convexe) et une Méthode Éléments Finis pour la partie fluide.
Le couplage repose sur une approche de type Multiplicateurs de Lagrange/Domaines Fictifs et un algorithme de
décomposition d’opérateurs. Nous illustrons les capacités de notre outil de simulation numérique directe sur le cas
de sédimentation 2D de plusieurs centaines à plusieurs milliers de particules de forme polygonale dans un fluide
newtonien.
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1 Introduction
The comprehension of solid/solid and fluid/solid interactions in highly concentrated particulate
flows is of great interest from both fundamental and practical point of views. The hydrody-
namics of such complex flows is still poorly understood, even if the fluid phase exhibits simple
Newtonian properties. The primary reason for such a poor understanding is the fact that such
processes involve phenomena at very different scales from the particle to the flow domain.
Therefore, direct numerical simulation at the scale of the particle may be of great help to the
understanding of this type of multiphase flows. Mobility problems of a system of particles are
central in many industrial and geophysical processes such as fluidized beds, sand management
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in oil production, hydrates transportation in pipeline, fruit chunks in yogurt, catalysts in chem-
ical reactors, landslides conveying rubbles, ... In all those situations, the particles may be of
arbitrary shape and may easily differ from the ideal disk (2D) or sphere (3D) representation.
In this paper, we focus on the sedimentation of particles of regular polygonal shape in a
Newtonian fluid. Deep insights into many aspects of the settling of Newtonian suspensions of
spherical particles have been gained by theoretical, experimental and numerical approaches (for
instance see Chhabra (1993)). In contrast, the polyhedral shape counterpart has been the subject
of only a few studies. In particular, let us mention the contribution of Haider and Levenspiel
(1989) who investigated effect of the particle shape on drag coefficient and terminal velocity of
a single non-spherical particle settling in a Newtonian fluid.
The dynamic simulation of the particles motion in a fluid is a non-trivial task in relation
to the constantly evolving space occupied by the fluid as the particles move. Among the vari-
ous numerical approches proposed in the literature to deal with the multiphase feature of this
kind of flows, we chose to implement the Distributed Lagrange Multiplier/Fictitious Domain
(DLM/FD) method introduced by Glowinski et al. (1999). The main idea of the method is to fill
the region occupied by the particles with the fluid and to treat the particles motion as a constraint
of the problem. Then, the rigid-body motion contraint inside the particles boundaries is relaxed
thanks to the use of a distributed Lagrange multiplier. Various contributions to the literature
comprise: Glowinski et al. (1999, 2001) for the simulation of the fluidization of 1024 spheres
(3D) and the Rayleigh-Taylor instability of 6400 circular disks (2D) in a Newtonian fluid, Yu et
al. (2002) for the viscoelastic fluid case and Yu et al. (2006) and Yu and Wachs (2007) for the
thixotropic shear-thinning and viscoplastic fluid cases respectively.
As the solid fraction exceeds more or less 5%, the strong collision probability requires
the use of proper contact laws and a model (or numerical method) to handle the numerous
multi-body collisions. The Distinct Element Method (DEM), introduced by Cundall and Strack
(1979), is an attractive approach in which the system is modelled at the particle level. The
motion of all particles is computed based on the detection of all collisions and the calculation
of the corresponding contact forces. The advantage is an enhanced accuracy in the modelling
of the system but it is computationally highly expensive (Wu and Cocks (2006)).
In the next section we shortly describe the basic features of the method. Then, we investigate
the effect of particle shape in sedimentation process. The last section is devoted to conclusion
and perspectives.
2 Numerical model
For the sake of conciseness, we only briefly recall the basic features of our approach. For
a detailed presentation of the numerical model, the interested reader may refer to Wachs and
Peysson (2006).
2.1 Governing equations
The variational combined momentum equations that govern both fluid and non-neutrally buoy-
ant solid motions has been derived by Glowinski et al. (1999). Flow and fluid are assumed
incompressible and Newtonian, respectively. Dimensionless combined momentum equations
contain the following dimensionless numbers: the Reynolds number     	 
 	

, the Froude
number   
 	

	
and the density ratio    
 
, where  denotes the fluid density, ﬀ the char-
acteristic velocity, ﬁﬀ the characteristic length, ﬂ the fluid viscosity, ﬃ the gravity acceleration
and  the particles density.
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2.2 Collision model
In contrast to Glowinski et al. (1999, 2001) and Yu et al. (2002) who considered an artificial
repulsive force (to prevent any overlap between particles) to model solid/solid interactions, we
employ a soft-sphere approach implemented in a DEM granular solver. In this model, the
particles are allowed to slightly overlap and the collision forces are calculated based on the
overlapping region or distance and the normal and tangential relative velocities at the point of
contact (Cundall and Strack (1979), Wu and Cocks (2006)).
2.3 Computational features
The solution of the whole problem is obtained through an operator-splitting algorithm. The
spatial discretization scheme for the fluid velocity-pressure problem relies on Finite Element
Method with Bercovier-Pironneau elements whereas the one for the distributed Lagrange mul-
tiplier to enforce the rigid body motion constraint is based on the collocation method.
3 Results
We focus here on the sedimentation of 2D regular polygonal particles in a Newtonian fluid
(previous papers (Yu et al. (2006), Yu and Wachs (2007)) were dedicated to the sedimentation
in a non-Newtonian fluid). To account for the shape of the particle, we follow Haider and
Levenspiel (1989)’s 3D sphericity concept and introduce a similar concept of circularity in 2D,
   
 
, where  and 	 stand for the disk and polygon perimeters respectively and disk and
polygon surfaces are identical. In the case of a regular polygonal particle,   


   


	  
where

 is the number of sides of the polygon.
3.1 Validation case: a single disk settling in a channel
We first validate our code by investigating the case of a single disk settling in an infinite channel.
We simulate the same cases as those of Yu et al. (2002) and compare our respective results. The
channel width to diameter ratio is set to ﬁﬀ ﬃﬂ and the various Reynolds number dependent
flow regimes are obtained by varying the density ratio  . As in Yu et al. (2002), we simulate
the following density ratio    "! #"##$ , ! ##$ , ! # , "! #$ , ! #% , "! #"& , ! ' and % . Taking final
settling velocity )( as characteristic velocity   and disk diameter * as characteristic length
ﬁ
 , the Reynolds number    ( and drag coefficient +  are computed as
   ,-

and

-).   /   0

1
  

,
respectively.
FIG. 1 shows a comparison between our computed drag coefficients and those of Yu et al.
(2002). The agreement is very satisfactory. The flow pattern as a function of the Reynolds
number is depicted on FIG. 2 by plotting contours of vorticity. Again, the agreement with the
work of Yu et al. (2002) is very good (see their paper). We illustrate in FIG. 2 the onset of vortex
shedding downstream the particle for    (32 '"' and the well known Von Karmann street.
3.2 Flow of 300 particles in a closed box: effect of shape
We illustrate here the effect of particle shape in the flow of 300 particles in a closed box. The
objective is to compare the sedimentation process between ideal disks and regular triangles
(   4#! 55& ). The box dimensions are 7698 4$# *:69; # * where * is the disk diameter.
The solid surface fraction is < =#! $?> $# %). At initial time, particles are drifted at the top of the
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Figure 1: Comparison of computed drag coefficient as a function of Reynolds number with the results of
Yu et al. (2002) for the case of a single disk settling in an infinite channel with 
ﬀ
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Figure 2: Flow pattern (contours of vorticity) for various Reynolds numbers for the case of a single disk
settling in an infinite channel with 
ﬀ

box in a random fashion and the whole system is quiescent, such that a Rayleigh-Taylor (RT)
instability creates the motion of the suspension. Simulations are run until all particles settled
down to the bottom of the box. The chosen characteristic velocity   is estimated based on
a balance between the buoyancy force and inertia, corrected by the Richardson-Zaki law for
hindered settling, for the disk case, and defined as   ﬁﬀ

-
1
.   /   0
 
ﬃ
> ﬃﬂ
<

. Based on this
velocity scale,    ﬁ"! ﬂ and    ; #! ﬂ .
FIG. 3(a-d) presents snapshots of particles pattern and vertical velocity contours. The packed
layout of particles causes the onset of a hydrodynamic RT instability at the first stages of the
process. Later, the pack of particles breaks into small clusters or individual particles. Finally,
particles settle at the bottom of the box and fluid returns to rest in
 "!
' #$#  ﬂ"# %
.
FIG. 3(e-f) plots the time evolution of mean vertical velocity and position (rescaled between
0 and 1) of the particles. The RT hydrodynamic instability is triggered later in the case of
the disks (first velocity peak) but once the pack of particles breaks into many small clusters or
individual particles, disks settle around 10% faster than triangles. The actual Reynolds number
based on the mean settling velocity is around 4. We evidenced in Wachs and Peysson (2006)
that the drag coefficient of a triangle settling in an infinite domain is twice larger than the one
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of a disk. This may partly explain the faster sedimentation process of disks but other more
complex phenomena related to the solid/solid and fluid/solid interactions that require a deeper
analysis, as particles patterns, for instance, may be responsible as well.
(a)    (b)        (c)   $    (d)        
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Figure 3: Sedimentation of 300 triangles in a closed box
3.3 Towards the simulation of suspensions
Our last test case concerns the sedimentation of a large number of particles: 2500 disks,
<
#! ﬂ
,
  
 2

. Here the initial state corresponds to a randomly homogeneous suspen-
sion of quiescent particles. We wish to show with this "exhibition" case the robust capabilities
of the numerical approach to handle a large number of particles without bringing about any
difficulties. It seems without any doubt that the number of particles affordable is only limited
by computing power of our serial workstation. This observation prompts the need for a more
efficient implementation. We believe that many physical phenomena (clustering, wave prop-
agation, dune formation, ...) may be modelled (simulated) only by considering a fair number
of particles in the system. This strong belief is the primary motivation for the current devel-
opment of a parallel version of the code. We expect that the completion of this programming
task will open a new field of investigation of particulate flows, that may contribute to a better
comprehension of this class of multiphase flows.
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Figure 4: Sedimentation of a 2500 disks suspen-
sion in a closed box at t=13.2, initial state corre-
sponds to a randomly homogeneous suspension
4 Conclusions
Modelling of a system of particles freely
moving in a fluid has been tackled by an
original method based on the coupling of a
DEM solver with a Finite Element DLM/FD
method. The originality of our approach re-
lies on the proper handling of the solid/solid
interactions. The developed numerical tool
shows very promising capabilites to address a
broad range of particulate flows and industrial
applications. Those powerful capabilities are
illustrated on sedimentation cases. We vali-
dated the implementation on the case of a sin-
gle disk settling in an infinite channel and then
tackled the mobility problem of a few hun-
dreds to a few thousands particles of possibly
non-circular shape. In particular, we believe
the proposed approach to be a good candidate
to improve the comprehension of the rheology
of suspensions.
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